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Abstract. The microbial community structure changes of an aged-coal-tar soil 10 contaminated with polycyclic aromatic hydrocarbons (PAHs) were investigated during 11 simulated bioremediation at the laboratory-scale using an in-vessel composting 12 approach. The composting reactors were operated using a logistic 3-factor factorial 13 design with three temperatures (T = 38 0 C, 55 0 C or 70 0 C), four soil to green-waste 14 amendment ratios (S:GW = 0.6:1, 0.7:1, 0.8:1 or 0.9:1 on a dry weight basis) and three 15 moisture contents (MC = 40%, 60% or 80% Composting has been demonstrated to be effective in biodegrading PAHs (Potter et al. 33 1999; Canet et al. 2001; Cajthaml et al. 2002; Antizar-Ladislao et al. 2006; Cai et al. 34 2007) , chlorophenols (Laine and Jorgensen 1997) , polychlorinated biphenyls (PCBs) 35 (Block 1998), explosives (Ro et al. 1998; Li et al. 2007 ) and petroleum hydrocarbons 36 (Namkoong et al. 2002) at both the laboratory and field-scale. In contrast to 37 conventional composting systems, the use of in-vessel systems for the bioremediation of 38 contaminated soils provides operators with more control, enabling them to select 39 suitable operating parameters (e.g., temperature, moisture content, mix ratios) to 40 promote both microbial activity and contaminant degradation (Antizar-Ladislao et al. 41 2004; Oleszczuk 2006) , and also to ensure the use of high temperatures (>70 0 C) in order 42 to meet regulatory requirements for pathogen control (EC 2003 C) four soil to green-waste ratios (S:GW = 0.6:1, 0.7:1, 0.8:1 or 79 Antizar-Ladislao, B., Spanova, K., Beck, A.J. and Russell, N.J. (2008) "Microbial community structure changes during bioremediation of PAHs in an aged coal-tar contaminated soil by in-vessel composting". For the composting studies, the post-diluted soil was conditioned with an artificial green 100 waste, which was prepared by mixing foodstuff (carrots, cucumber, lettuce, onions, 101 potatoes and tomatoes in equal amounts) (3% dw), sawdust (38% dw), leaves (17% dw), 102 grass (27% dw) and wheat straw (14% dw). Foodstuff, sawdust, wheat straw and leaves 103
were blended individually using a kitchen blender and the grass was cut with scissors. 104
The composition of the green waste satisfied the nutrient requirement (C:N = 40-50) for 105 composting according to the calculations using Cornell's system (Richard 1995 Sub-samples of compost (2 g) were spiked with 500 µg 1
(hexadecanoic acid, internal standard), the total lipid was extracted using the Bligh and 154
Dyer procedure, and the lipid acyl chains and internal standard fatty acid converted to 155 FAME using MeOH/H 2 SO 4 (Kates 1985). The FAME were analysed using the same 156
Hewlett Packard GC/MS system described above. The GC inlet was operated in pulsed 157
( The amount of microbial signature acids was calculated using the Antizar-Ladislao, B., Spanova, K., Beck, A.J. and Russell, N.J. (2008) "Microbial community structure changes during bioremediation of PAHs in an aged coal-tar contaminated soil by in-vessel composting". The TOM levels were ~62% at the start of composting and then decreased to ~40% after 188 98 days treatment at 38 In total, twenty three different microbial PLFA were identified during the composting 223 process, although only eight were used as biomarkers in this study. The major shifts in 224 the microbial community during the simulated in-vessel composting treatment could be 225 ascertained using fungal to bacterial, and Gram-positive to Gram-negative bacterial 226 PLFA ratios. The initial PAH-contaminated soil contained small amounts of PLFA that 227 were indicative of fungi, giving a low value of the fungal to bacterial ratio (≈ 0.03); 228
there were approximately equal proportions of Gram-positive to Gram-negative bacteria 229 on the basis of signature PLFA content. Figure 1 shows that when this PAH-230 contaminated soil was mixed with artificial green waste, the compost mixture (soil + 231 green waste, S:GW = 0.6:1) contained PLFA indicative of fungi in a higher proportion 232 than did the initial soil (fungal to bacterial PLFA ratio ≈ 1.29), with a dominance of 233
Gram-positive bacteria (Gram-positive to Gram-negative ratio ≈ 1.97). This indicated 234 that in the present study, the fatty acids attributed to fungal biomass (i.e., 18:2ω6,9) 235 were originally present in the green waste, where the highest ratio was observed in the 236 sawdust (fungal to bacterial PLFA ratio ≈ 6.84). Frostegard and Bääth (1996) found that 237 the fungal to bacterial PLFA ratio varied from 0.02-0.04 in different agricultural soils 238 that were low in organic matter to a ratio of 0.3-0.5 in forest soils that were dominated 239 by fungal biomass. Bolta et al. (2003) found that the fungal to bacterial PLFA ratio in a 240 composted household organic waste with shredded wood varied from 0.12 to 0. Nevertheless, the very high value observed here (Fig. 2(b) ) might mean that it is an 272 anomaly due to some experimental error or artefact. 273 274
Fungal to bacterial PLFA ratios were within the range 0.02 to 0.56 after 98 days of 275 composting treatment, showing that according to Frostegard and Bääth (1996) , fungi 276 probably are an important microbial group for in-vessel composting of a contaminated 277 soil, and that drastic changes in microbial community structure occur during in-vessel 278 composting at different operational conditions. Microorganisms degrading PAHs 279 include various soil fungi, such as Bjerkandera sp., Phanerochaete chrysosporium and 280
Pleurotus ostreatus, (Antizar-Ladisloa et al. 2004) . Nevertheless, it has been reported 281 that most common effect of fungi on PAH degradation may be activation and 282 solubilization of PAHs by non-specific fungal enzymes rather than complete 283 mineralization (Johnsen et al. 2002) . No correlation between fungal to bacterial ratios 284 and PAH losses was found during the length of the in-vessel composting treatment in 285 this study. Gram-negative bacteria, corresponded to the presence of a large amount of branched-305 chain fatty acids such as i15:0 and i17:0 that are common in species of Bacillus, a genus 306 well known to be dominant in compost at high temperatures (Beffa et al. 1996) . 307 308
In previous investigations we have observed that temperature is an important factor 309 affecting in-vessel composting treatment of the same aged coal-tar contaminated soil 310 investigated in the present study, with significantly (p<0.01) greater PAH losses due to 311 biodegradation at 38 This tendency indicated that Gram-positive bacteria were probably responsible for PAH 318 degradation in this study. This is supported by previous studies which have reported that 319
Gram-positive dominate the mineralization of PAHs in soil (Kästner et al. 1994 Gordonia) may play an important role in the mineralization of PAHs (Kästner et al. 328 1994 , Larkin et al. 2005 , Johnsen et al. 2002 , and those which are also thermophiles 329 will be probably encountered at higher temperatures in PAH contaminated soils. 330
Additionally, the Gram-positive to Gram-negative bacterial ratio decreased from 21 to 331 98 days of in-vessel composting, but only in those bioreactors having the larger 332 populations (Fig. 2) . These results are similar to the findings of Carpenter-Boggs et al. 333 (1998) The effects of soil to green waste ratio and moisture content on the Gram-positive to 337
Gram-negative bacterial ratio were also investigated. The relative proportion of PLFA 338 indicative of Gram-negative bacteria increased with respect to Gram-positive bacteria at 339 60% moisture content and a soil to green waste ratio of 0.8:1 to 0.9:1 (p<0.01). The 340
Gram-positive to Gram-negative bacterial ratio changed significantly following the first 341 21 days of in-vessel composting treatment (p<0.05) but thereafter no significant 342 changes were observed when the moisture content varied from 40 to 80%. High 343 moisture contents may lead to low oxygen concentration in the composting mixtures, 344
particularly in large-scale systems, due the heterogeneous gas transport through the 345 material in these systems which may eventually result in "local" anaerobic conditions 346 and inefficient composting. Furthermore, it has been indicated that lower oxygen 347 concentrations will result in a more stressed bacterial community (Steger et al. 2005 
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